We numerically and experimentally show that all photons generated by spontaneous parametric down-conversion (SPDC) follow a transverse amplitude similar to that of the pump. This amplitude transfer from pump to SPDC is revealed in the Fourier image plane of the down-converted photons restricted by an aperture. We also observe a considerable shift of the image plane from the actual Fourier plane, when size of the aperture is gradually increased. The shift of the Fourier image of down-converted photons affects the quality of spatial mode-based projection in various quantum correlation experiments with parametric down-converted photon pairs. The results may be useful in applications of down-converted photons for quantum imaging and quantum communication.
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Spontaneous parametric down-conversion (SPDC), one of the most common non-linear optical process, is of great significance in the field of quantum optics and quantum information [1] . In this second order non-linear optical process, a pump photon of higher energy, on interaction with a non-linear medium, gets down-converted to two lower energy photons generally called as signal and idler [2] . SPDC is governed by conservation laws in energy and momentum where the later is called as phase-matching. Depending on the type of phase matching, parametric down-converted photons will have different geometrical distribution in space [3] . The process is very commonly used to generate heralded single photons by conditioning the pair photon [4] and their non-classical photon statistics has been investigated [5, 6] . The photon pairs generated in SPDC are correlated in space [7] , time [8] , frequency [9] , polarization [10, 11] and orbital angular momentum [12] . Hence its been used as a source of entangled photon pairs in applications of quantum imaging and quantum information.
Heralded single photos produced by SPDC has been studied for their spatial and temporal coherence properties [13] is utilized in many fields like quantum imaging [14] . However, the individual signal or idler photons are incoherent in the absence of heralding. Thus in imaging, the direct image produced by signal or idler will not reveal anything about the object, while the heralded photons give better images. The two-photon correlation studies in SPDC has been carried out for various structured light pump beams [15] [16] [17] . In such cases, the two photon spatial modes obey the selection rules, giving rise to modal entanglement [16, 18, 19] . This can be measured by projecting the biphoton state to different modes using phase flattening techniques [20] .
The angular spectrum (AS) and the conditional angular spectrum (CAS) of SPDC photons are highly dependent on the angular spectrum of the pump beam and crystal parameters [21, 22] . It has been experimentally shown that the angular spectrum of the pump beam gets transferred to the twin photons generated in SPDC [23] . For example, it was shown that the amplitude as well as the helical phase of an optical vortex pump is transferred to the SPDC heralded single photon [24] . The helical phase of the single photon was verified by methods like triangular aperture diffraction [24] and interferometry [25] . It was also observed that the SPDC heralded single photons generated with Bessel-Guassian pump show non-diffracting behaviour over a longer distance [26] . So, images of high contrast and resolution can be obtained at any distance from the light source by using heralded single photons [27] . Due to the incoherence of individual parametric down-converted photons, the angular spectrum of SPDC does not evidently show the signature of spatial properties of the pump.
Here, we observe that the transverse amplitude distribution of signal or idler beam mimics the pump amplitude distribution. We introduce an iris aperture on one arm of a non-collinear, degenerate SPDC and observe its image on the Fourier plane using a lens. We observe the same image on every part of the SPDC ring selected by an iris aperture. The size of the image formed increases when the aperture is moved away from the crystal. When the size of the aperture increases, the Fourier plane gets shifted from the actual '2f ' Fourier plane. We perform phase measurement on the signal beam using phase flattening. We observe that though the signal beam mimics the transverse amplitude distribution of the pump, it does not follow the phase distribution of the pump.
First we model the SPDC process for which the signal (or idler) photons are selected by an aperture and image using a lens while idler (or signal) are undetected or discarded. In the perturbative treatment of spontaneous parametric down-conversion process, interaction of pump (p), signal (s) and idler (i) modes in a medium (Non-linear χ (2) crystal) is represented by an interaction Hamiltonian H I . The initial state is a vacuum state |0 s |0 i , therefore the output state of SPDC is approximated as
The biphoton mode function of the generated twin photons in transverse momentum coordinates (k) is obtained as
where k ⊥ and −k ⊥ represents the transverse position of momentum coordinates of signal and idler respectively in the image plane. On simplification, the biphoton mode function in transverse momentum coordinates is given by
where E 0 (k ⊥ p ) represents the pump transverse amplitude distribution, k ⊥ p is the angular coordinates of the pump, ∆k is the longitudinal phase mismatch, and L is the thickness of the crystal. The exponential factor in the Eqn. (3) is a global phase term. Here, Laguerre Gaussian (LG) modes representing optical vortices are considered as pump spatial distribution. A typical LG mode in cylindrical coordinates (ρ, φ) is given by [28] LG
(4) where w p is the pump beam waist at the crystal plane, L |l| p () is the associated Laguerre polynomial in radial (p) and azimuthal (l) indices. l indicates the OAM, l carried by the beam. Different coaxial superposition of vortices is obtained by the addition and subtraction of the LG modes. The angular spectrum of the down-converted photons is given by
After traversing a distance z 0 from the crystal, the SPDC photons are passed through an aperture. So, the resultant biphoton mode function in Fourier space by taking the Fourier transform of the product
where A(k ⊥ ) is the aperture function in spatial frequency coordinates. O(|k ⊥ |, − z0 k ) is the optical transfer function (OTF) for the SPDC propagated from crystal plane to the aperture plane. Here, k is the magnitude of the wavevector of the signal/idler. A general expression of OTF of a beam with transverse wave-vector k ⊥ and propagating a distance b is given by [29] O |k
The distribution of signal photons is obtained by taking the partial trace of the mode function over the coordinates of the idler, which is written as
By controlling the diameter of the circular aperture, the SPDC amplitude distribution becomes identical to that of the pump.
The experiment consists of a pump beam of wavelength (405 ± 2)nm from TOPTICA iBeam Smart diode laser, incident on a Type-I phase-matched β-Barium Borate crystal of thickness 5mm and transverse dimensions of 6 mm×6 mm with an optic axis oriented at 29.97
• to the normal incidence. Here, optical vortices of order 1, 2 & 3 and their equal but opposite coaxial superposition are used as different pump spatial modes. To generate the vortex superposition, a modified polarizing Sagnac interferometer [30, 31] is set up before the crystal, as shown in Fig.1 . The first half-wave plate (HW P 1 ) is used to equalize the intensity of the counter-propagating beams inside the interferometer. A spiral phase plate (SP P ) of desired order is introduced in the interferometer such that the counter-propagating beams acquire equal and opposite spiral phases before recombining at the polarizing beam splitter (P BS). In fact, the beam coming out of the interferometer is a vector vortex beam [32, 33] . Based on the orientation of the second half-wave plate (HW P 2 ) kept before the crystal, crystal will down-convert only those modes whose polarization direction is along the optic axis of the crystal. The down-converted photons (signal & idler) of wavelength 810 nm each (degenerate) are generated in a non-collinear fashion at diametrically opposite points of the SPDC ring. A bandpass filter (BPF) of central wavelength (810 ± 5)nm is used to block the pump beam after the crystal. The Fourier imaging configuration of SPDC photons through an iris aperture is shown in Fig.1(a) .
To show the effect of aperture on the spatial distribution of SPDC, the configuration shown in Fig.1(a) is arranged. An iris aperture (ID15, THORLABS) is kept on a portion of the SPDC intensity distribution at a distance z 0 = 5cm from the crystal plane and a planoconvex lens of focal length 10cm is placed at a distance f = 10cm from the iris plane. For imaging the SPDC photons, an electron multiplying CCD (EMCCD) camera (Andor iXon3) of 512×512 pixels with a pixel size of 16×16 µm 2 is placed at a distance z 1 = 10cm from the lens, which is supposed to be the Fourier plane of the aperture AP . First, the spatial distribution of parametric down-converted photons (SPDC annular ring) is imaged at the Fourier image plane of the iris. Then, on selecting a portion of the ring, an intensity distribution identical to that of the pump is seen in the image plane. Here, the pump beam is a first order Hermite-Gaussian mode formed by the superposition of optical vortices of orders +1 & −1 [34] . Because the individual photons in SPDC are incoherent, the image formed at the Fourier plane of the aperture is almost free from irregularities due to aperture diffraction. Figure 2 shows the images of the SPDC ring with gradual closure of the iris. Each image is recorded with the addition of 100 frames for an exposure time of 500 µs each. The same intensity pattern is observed irrespective of the portion selected from the SPDC ring. Figure 3 shows first order HG mode formed at eight different parts of the SPDC ring annular distribution. With the adjustment of the HW P 2 and the use of different spiral phase plates in the interferometer, the SPDC image is observed for different pump modes. pump polarization modes selected using HW P 2 . Equation 6 is used to generate the numerical images with a circular aperture function. Its well known that the SPDC biphoton mode has a similar phase profile that of the pump. Here the phase profile of the signal or idler photon modes is studied without the heralding. A 'phase-flattening' method [20] Zero One is used to verify whether the observed mode distribution has an azimuthal phase when pumped with a vortex beam. The Fourier plane of the aperture is projected onto the holograms imprinted on a spatial light modulator (SLM -Hamamtsu LCOS) and the far-field diffraction pattern is imaged (Fig.1(b) ). Figure 5(a)-(c) show the diffraction patterns of the SPDC pumped with Gaussian, and projected onto the 0, +1 and −1 order forked holograms respectively. When a vortex of order 3 is pumped and the intensity distribution of the aperture plane is projected onto a +3 as well as −3 forked holograms, a Gaussian-like shape is not observed in the first-order diffraction pattern, which must be observed if the projected mode contains an azimuthal phase of ±6π. This shows that the 'pump-mimicked' mode distribution of SPDC does not contain azimuthal phase corresponding to that of the pump. It is expected that the individual photons will not posses a particular azimuthal phase because they will be in a mixed OAM state while the two photons are entangled in OAM. However, the corresponding heralded single photon generated by SPDC process contain the azimuthal phase that has been well studied in the context of OAM entanglement [12, 25] .
To study the shift of the image plane with the iris aperture size, images of the SPDC photons is recorded at different distances by moving the camera away (increasing z 1 ) for different aperture sizes, as shown in Fig. 6 . Here, a superposition of optical vortices of orders +2 and −2 is used as the pump beam. The amplitude distribution of the pump is observed in SPDC photons around the distance z 1 = 10cm for smallest aperture size that continues for longer distances beyond z 1 = 10cm, although the contrast become poorer. As we increased the aperture size, the plane of image formation shifts beyond the actual '2f ' Fourier plane and the range of the distance in which the image is present was reduced, showing the image formation only at a particular plane for larger aperture sizes.
In conclusion, we have observed that all parametric down-converted photons follow the transverse amplitude profile as that of the pump. SPDC photon reveals the pump mode, when selected by a closed aperture and observed at the Fourier plane. With gradual increase in size of the aperture, the image plane is observed to be shifted from the actual 2f Fourier imaging distance. Further, we show that the individual photons does not reveal anything about the transverse phase profile of the pump. The results will be useful to improve the quality and efficiency of the biphoton mode coupling based on spatial mode projection for applications in multi-dimensional quantum information schemes.
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